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Determining how environmentally important trace metals
are sequestered in soils at the molecular scale is critical to
developing a solid scientific basis for maintaining soil
quality and formulating effective remediation strategies.
The speciation of Zn and Ni in ferromanganese nodules from
loess soils of the Mississippi Basin was determined by a
synergistic use of three noninvasive synchrotron-based
techniques: X-ray microfluorescence (µXRF), X-ray
microdiffraction (µXRD), and extended X-ray absorption
fine structure spectroscopy (EXAFS). We show that Ni is
distributed between goethite (R-FeOOH) and the manganese
oxide lithiophorite, whereas Zn is bound to goethite,
lithiophorite, phyllosilicates, and the manganese oxide
birnessite. The selective association of Ni with only iron
and manganese oxides is an explanation for its higher
partitioning in nodules over the soil clay matrix reported
from soils worldwide. This could also explain the observed
enrichment of Ni in oceanic manganese nodules. The
combination of these three techniques provides a new
method for determining trace metal speciation in both natural
and contaminated environmental materials.

Introduction
Since their discovery in Essex, U.K., in the beginning of the
last century, ferromanganese micronodules have been found
to be widespread at the earth’s surface, often amounting to
several percent by mass in soils; their micromorphological,
mineralogical, and chemical characteristics have been in-
vestigated frequently (1-3). These concretions, usually
subrounded in shape, with diameters ranging from a few

millimeters to less than 1 mm are brown to dark-brown in
color depending on the Fe/Mn ratio (Figure 1). Inspection
of thin sections with an optical microscope shows that the
nodules contain grains of primary minerals (quartz, feldspars,
micas) cemented with an ochreous-brown or dark nonpo-
larizing matrix consisting chiefly of iron, manganese oxides,
and phyllosilicates. The mineralogical similarity between the
concretions and the adjacent soil matrix indicates that they
are formed in place and not transported, despite having
distinct borders (4). Nodule formation in most soils results
from their changing moisture regime (5, 6). During wet
periods, Fe(III) and Mn(III/IV) are reduced and dissolve in
pore waters, while during dry periods they reprecipitate and
cement soil particles (7). Repetition of this process eventually
forms millimeter-sized nodules that often exhibit the con-
centric layering suggestive of seasonal growth. Interestingly,
this localized increase in the concentrations of Fe and Mn
in soil is always accompanied by a high partitioning of trace
metals. For example, in Sicilian nodules, high enrichment
factors (ratio of metal concentration in the nodules to that
in the soil matrix) were observed for Mn (296), Co (93), Ce
(45), Pb (31), Ba (18), Ni (17), Cd (15), and Fe (2.6) (8). Zinc
was weakly partitioned into the nodules (1.5), despite its
known high affinity for manganese and iron oxides (8). Similar
results were obtained for New Zealand nodules (9). In
contrast, ferromanganese coatings on river sediments in
England were found to contain high concentrations of Zn
along with Pb, Cu, and Cd (10).

Although the enrichment of trace metals in soil micro-
nodules is regarded as an efficient and robust process for
their sequestration, the crystal chemistry of the sequestered
elements remains unknown. The principal reasons for this
include low concentrations relative to the detection limit of
conventional laterally resolved analytical and crystallographic
probes, the partitioning into coexisting minerals, the nano-
scale size of most reactive soil particles, the difficulty of
identifying the mineral species into which trace metals are
bound, and the multiplicity of sorption mechanisms. These
long-standing impediments to understanding at the mo-
lecular level how trace metals interact and are sequestered
by soil constituents are now surmountable using X-ray

* Corresponding author phone: 33 (0)4 76 82 80 15; fax: 33 (0)4
76 82 81 01; e-mail: Alain.Manceau@ujf-grenoble.fr.

† Advanced Light Source, Lawrence Berkeley National Laboratory.
‡ University J. Fourier and CNRS, Grenoble, France.
§ Geochemistry Department, Earth Sciences Division, Lawrence

Berkeley National Laboratory, University of California.

FIGURE 1. Photomicrograph of a soil thin section (30 µm thick)
containing embedded ferromanganese concretions. Mineralogical
analyses indicate that quartz, phyllosilicate, feldspar, titanium
oxides, and carbonates are the principal crystalline components
of the nodules and the soil matrix. This mineralogical similarity
between the concretions and the soil matrix points to an in situ
formation of nodules. Soil micronodules are always enriched in Fe,
Mn, and trace metals relative to the soil matrix. Segregation of Fe
and Mn is responsible for cementation of the soil grains and results
from the alternation of oxidation and reduction conditions (i.e.,
seasonal waterlogging).
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techniques developed at third generation synchrotron facili-
ties (11). We show here that these problems can in fact be
overcome by combining X-ray microfluorescence (µXRF),
X-ray microdiffraction (µXRD), and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy applied in situ
without disrupting the natural soil matrix. µXRF is used to
map the distribution of trace contaminants among coexisting
mineral phases in a natural matrix; µXRD allows identification
of nanoscale particles, the most reactive toward the trace
metals; and EXAFS spectroscopy provides the mechanism of
metal sequestration by the host minerals at the molecular
scale.

Materials and Methods
The micronodules studied here were collected in the silty
uplands of the Mississippi Basin and were previously char-
acterized by Rhoton et al. (12). Their Fe concentration was
typically twice that of Mn, as estimated from the KR(Fe)/
KR(Mn) fluorescence intensity ratio, and about 2 or 2.5 orders
of magnitude higher than the Zn and Ni concentrations,
respectively. Their chemical heterogeneity was determined
more precisely by analyzing 20 individual nodules using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and inductively coupled plasma mass spectroscopy
(ICP-MS). These analyses gave [Fe] ) 57526 (σ ) 21213),
[Mn] ) 25592 (σ ) 17716), [Zn] ) 76 (σ ) 51), and [Ni] ) 67
(σ ) 21) mg/kg. The σ variability is comparable to that
measured for Sicilian nodules (8).

X-ray fluorescence spectra and diffraction patterns were
recorded on Beamline 7.3.3 at the Advanced Light Source
(ALS, Berkeley, CA), and EXAFS spectra were recorded on
Beamline BM32 at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). The µXRF maps were
obtained by scanning the soil nodules under a monochro-
matic beam with an energy of 10 keV and a beam size on the
sample of 10 µm H × 25 µm V, while recording the X-ray
fluorescence with a Ge solid-state detector. µXRD patterns
were collected at selected points of interest with the same
lateral resolution as µXRF using a 1024 × 1024 pixels CCD
camera and an exposure time of 10-20 min. µXRF and µXRD
data were collected in reflection geometry mode by in-
clining the sample at 6° θ (13). Fluorescence-yield zinc K-edge
EXAFS spectra were collected on a powdered pellet of 10
nodules using a 30-Ge solid-state detector. EXAFS measure-
ments were carried out by orienting the sample vertically to
45° to both the X-ray beam and the solid-state detector. A
large set of Zn K EXAFS reference spectra from previous
studies (14-22) were used for EXAFS fitting. This extensive
database includes primary Zn minerals (sphalerite,
chalcophanite, zincite, gahnite, hemimorphite, willemite),
hydroxylated Zn minerals and precipitates (phosphophyl-
lite, hopeite, parahopeite, phosphate dihydrate, and Zn-
substituted lithiophorite, goethite, hematite, kerolites,
and zinc-aluminum hydrotalcite), carbonates (smithsonite,
hydrozincite), sorption substrates at different surface
loadings (Zn-sorbed birnessites, ferrihydrites, kerolites, and
hectorites; both inner- and outer-sphere surface complexes),
and Zn complexation to organics (phytate, low weight organic
acids, humic and fulvic acids, bacterial exopolymers, and
fungi cell walls).

Results and Discussion
Metal Partitioning and Mineral Species. Eight nodules were
examined, and the mineralogy and crystal chemistry of Zn
and Ni are completely represented by the three samples in
Figure 2. In contrast to the bulk analyses, µXRF maps show
that individual nodules are highly heterogeneous at the
micrometer scale, containing distinct areas of concentrated
Fe, Mn, Ni, and Zn. Nodule 1 shows, on average, little

correlation between Fe and Mn (rFe-Mn ) 0.62), but visual
inspection of the maps shows that the degree of correlation
varies laterally. The richest Fe areas in the outer region are
strongly depleted in Mn, whereas the inner region contains
areas of both high Mn and high Fe. Zn and Ni are strongly
correlated with Fe (rFe-Zn ) 0.84, rFe-Ni ) 0.88) and to a lesser
extent with Mn (rMn-Zn ) 0.71, rMn-Ni ) 0.78). The relatively
high rMn-Ni value does not necessarily indicate that a Ni
fraction is actually associated with Mn but instead can result
from the incomplete separation of Fe and Mn in the core of
the nodule. µXRD analysis revealed that the outermost Fe-
rich region consists of finely dispersed goethite (R-FeOOH).
Quartz, feldspar, titanium oxide, and carbonate grains also
were detected. The Fe-Mn core contains essentially
feroxyhite (δ-FeOOH) and vernadite (randomly layered
birnessite, δ-MnO2) in variable proportions depending on
the Fe/Mn ratio and a minor amount of goethite (23, 24).
Therefore, the highest Zn and Ni concentrations are with
goethite in this nodule.

Mn, Fe, Zn, and Ni were also unevenly distributed in
nodule 2 (Figure 2b), which showed a moderate overall
correlation between Fe and Mn (rFe-Mn ) 0.78). However, the
central region is high in Fe and Mn, whereas the external Fe
layer is depleted in Mn. As with the previous nodule, this
result illustrates the spurious meaning of elemental cor-
relations calculated solely from total chemical analyses.
Nodule 2 possesses a Zn-Ni “hot spot”, about 80 × 80 µm2

in area, that is strongly correlated with Mn. The core of the
nodule is enriched in Zn as well but devoid of Ni, suggesting
that nodule 2 contains two major Zn species but only a single
Ni species, one which also contains Zn. The mineralogical
nature of the minute Mn grain containing both Zn and Ni
was identified by µXRD as lithiophorite, a MnO2-Al(OH)3

mixed-layer phyllomanganate (Figure 3). In the two-
dimensional XRD pattern, Bragg reflections from this grain
formed a continuous Debye ring, characteristic of a powder
diffraction pattern. The lithiophorite is therefore very fine-
grained like most natural reactive particles. Vernadite,
together with phyllosilicate, was positively identified in the
central region by µXRD (Figure 2b). Vernadite and lithio-
phorite are considered to be the two predominant Mn mineral
species in near-surface environments (25-29), but their
defective structure (vernadite) and small particle size pose
major problems for identifying them by conventional XRD.
The combination of µXRF and µXRD provides the necessary
lateral resolution for establishing their presence and role in
the sequestration of trace metals.

Two Zn fractions were also detected in nodule 3 (Figure
2c). In the first, Zn is concentrated with Ni and Mn at the
core, which, according to µXRD, contains lithiophorite and
phyllosilicate, a geochemical association already found in
nodule 2. The second fraction of Zn has a uniform background
signal distributed throughout the nodule and likely as well
in the central region where it is masked by the Zn,Ni
lithiophorite species. Clearly, this second Zn fraction is not
bound either to iron or manganese oxides, because neither
the Fe nor the Mn map shows areal contours similar to the
Zn map (the Mn map exhibits pockets of manganese in the
outer region forming an incomplete ring). µXRD patterns
collected in Zn-containing (but Fe- and Mn-depleted) regions
showed the presence of major dioctahedral phyllosilicates
and secondary iron/manganese oxides (Figure 2c). Therefore,
the second Zn fraction likely corresponds to a Zn-containing
phyllosilicate. Zn is known to have a high affinity for sheet
silicates and, for example, is abundantly present in this
mineral host in Zn-contaminated soils from France and
Belgium (19).

Close examination of the phyllosilicate diffraction lines
shows that they contain higher-intensity spots, arising from
micrometer-sized grains, superimposed on the continuous
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FIGURE 2. Synchrotron-based micro-X-ray fluorescence (µXRF) maps showing the distribution of metals in three ferromanganese nodules.
The maps were obtained by scanning the soil nodules under a monochromatic beam (E ) 10 keV; beam size on the sample: 10 µm H
× 25 µm V; step size: 32 × 32 µm (a), 42 × 42 µm (b), 25 × 25 µm (c); counting time: 5-8 s/point). µXRD patterns were collected at
selected points of interest using an exposure time of 10-20 min and an incident X-ray energy of E ) 6.0 (a, b) and 6.3 keV (c). B, hexagonal
birnessite (main diffraction peaks at 7.1-7.2, 2.45, and 1.41 Å); G, goethite (main diffraction peaks at 4.18 and 2.69 Å); L, lithiophorite (main
diffraction peaks at 9.4, 4.7, and 2.37 Å); P, phyllosilicate (main diffraction peaks at 4.45-4.48, 2.55-2.58, and 1.50 Å); Q, quartz; F, feldspar;
A, anatase; C, calcite. hkl reflections are in parentheses. In panel a, Ni and Zn are associated with goethite (r-FeOOH); in panel b, Ni
is associated with lithiophorite, and Zn is associated with lithiophorite and birnessite; in panel c, Ni is associated with lithiophorite,
and Zn is associated with lithiophorite and phyllosilicate.
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diffraction rings from finely dispersed particles. We observed
this superposition effect many times; it is characteristic of
an admixture of micaceous particles and minute smectitic
clays. These two phyllosilicate families were always observed
in the soil concretions and in the surrounding matrix. It was
almost impossible to find regions containing only iron or

manganese oxides. For example, the four two-dimensional
µXRD patterns presented in Figure 2 all contain diffraction
rings at 4.45-4.48 and 2.55-2.58 Å, typical of the 020-110
and 130-200 reflections that characterize sheet silicates. A
peak at 1.50 Å was observed systematically at higher
diffraction angles, thus indicating the mostly dioctahedral

FIGURE 3. Zn K-edge EXAFS spectrum collected from the powder of 10 nodules (solid line) and one-component least-squares fitting from
a library of Zn model compounds (dotted line). The phyllosilicate reference is a kerolite [Si4(Zn0.4Mg2.6)O10(OH)2] in which Zn is substituted
for Mg in the octahedral sheet (19). In Zn-sorbed goethite, Zn octahedra form double corner-sharing and edge-sharing surface complexes.
The hexagonal birnessite reference has a Zn/Mn ratio of 0.122 (33% of Zn is tetrahedrally coordinated and 67% is octahedrally coordinated)
(21, 39). In lithiophorite, Zn substitutes for Li in the Al(OH)3 layer (29).
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structure of these minerals. Elemental correlation coefficients
for nodule 3 can be interpreted readily on the basis of
these results. Little correlation was obtained for Fe and Mn
(rFe-Mn ) 0.69), in agreement with the nonoverlapping contour
maps for these two elements. The Mn-Zn correlation is
moderate (rMn-Zn ) 0.76) because of the partial association
of Zn with phyllosilicate, whereas the Mn-Ni correlation is
higher (rMn-Ni ) 0.82) since Ni is uniquely bound to
lithiophorite. Correlations between Fe and Zn (rFe-Zn ) 0.44)
or Fe and Ni (rFe-Ni ) 0.33) are low, as expected.

Speciation of Zn. The nature and proportion of Zn species
in the soil nodules were determined by EXAFS spectroscopy.
On the basis of our microanalyses, Zn is bound to four mineral
species: goethite, phyllosilicate, hexagonal birnessite, and
lithiophorite. Therefore, the bulk EXAFS spectrum can be
deconvoluted as a weighted sum of four components, each
corresponding to a given Zn species (30). To confirm this
conclusion and to calculate the relative proportion of each
sequestering mineral, the experimental EXAFS spectrum was
least-squares fitted with linear combinations of reference
EXAFS spectra from our database. For each simulation, all
references were considered. The best one-component spec-
tral agreement was obtained with Zn-containing phyllosili-
cate, suggesting that this species is most abundant (Figure
3). However, differences can be seen clearly by eye alone,
justifying multiple-species fits. Zn-sorbed goethite was added
in a two-component analysis, Zn-sorbed hexagonal birnessite
was added in a three-component analysis, and finally Zn-
containing lithiophorite (Figure 4) was added. The degree of
improvement of the spectral match as given by the value of
the residual decreases with the number of components, since
minor species are added last and contribute less to the total
experimental spectrum. In this series of simulations, the
addition of second (phyllosilicate) and third (birnessite)
components significantly improved the simulation, but the
fourth (lithiophorite) is more questionable. Ten percent of
lithiophorite in the four-component fit corresponds to the
accepted sensitivity of metal speciation by this multicom-
ponent spectral-fitting approach (20, 30-32). We note,
however, that the existence of the lithiophorite species was
confirmed by µXRF and µXRD.

Speciation of Ni. Ni speciation could not be quantified
by EXAFS because of very low concentrations and high Mn,Fe
background scattering at the Ni K-edge. However, based on
our µXRF analysis of six different soil nodules, we came to
the conclusion that Ni is sequestered by goethite and lithio-
phorite. The high Ni partitioning into the nodules results
directly from selective sequestration by iron and manganese
oxides, the principal minerals that cause nodule formation.
This geochemical association identified in soils parallels that
known in oceanic nodules (33) and is compelling evidence
for the location of nickel in one and the same definite cation
site of the phyllomanganate crystal structure. Recently,
Manceau et al. (13) showed that nickel substitutes for Mn3+

in the manganese layer of lithiophorite in soil nodules from
France; therefore, nickel is likely sequestered by the same
mechanism in these micronodules sampled from soils across
the United States and Europe.

The difference in speciation of Zn and Ni provides a clue
to the observed higher partitioning of Ni in the soil nodules
over the soil matrix (8, 9). As stated above, nodules commonly
form in soils with restricted internal drainage by the
solubilization of Fe(II) and Mn(II) under reducing conditions,
followed by precipitation as iron(III) and manganese(III,IV)
oxides under oxidizing conditions. Consequently, concretions
have the same quantities of phyllosilicates and coarse grains
(quartz, feldspar, titanium oxides, ...) as does the soil matrix,
but they contain a higher quantity of finely divided iron and
manganese oxides that cement soil material together and
reduce its porosity. Since Zn-bound phyllosilicate is the

second most abundant species based on the four-component
analysis and because this latter mineral is uniformly present

FIGURE 4. Multicomponent least-squares fitting of the nodule EXAFS
spectrum (solid line) to a linear combination of reference spectra
(dotted line). The best simulation was obtained for 45 ( 10% goethite
+ 30 ( 10% phyllosilicate + 20 ( 10% birnessite + 10 ( 10%
lithiophorite. Simulations were optimized by minimizing the square
difference between the data and the fit. Note that the addition of
lithiophorite in the four-component fit decreased the percentage
of phyllosilicate from ∼50% to ∼30% because these two references
have similar EXAFS spectra since Zn is surrounded by “light” cations
(Mg and Al) at similar distances (edge-sharing) in both structures
(see Figure 3).
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in the soil, Zn partitioning in nodules is necessarily limited.
Conversely, the absence of phyllosilicate in ferromanganese
coatings from river sediments may be the reason for high Zn
partitioning into manganese oxides in these particles (10).

The results of this research may help to improve the
efficiency of in situ technologies for remediating metal-
contaminated soils. One such technology involves the
addition of reactive materials that decrease metal availability,
and one important question often posed by regulators is the
durability of a treatment. The efficiency of each of the three
groups of Zn species identified in this study, i.e., phyllosilicate,
iron oxyhydroxide, and manganese oxide, has been evaluated,
and in all cases separate application to contaminated soils
led to a marked reduction of metal bioavailability and toxicity
(34-36). Enhanced remediation should be obtained if these
three families of minerals were applied altogether (37). Such
a synergetic effect was observed recently for an As-
contaminated gold mine spoil by the co-addition of steel
shot (zerovalent Fe), beringite (phyllosilicate), and municipal
compost (38). Beringite was used for its alkaline and sorptive
properties and the compost to fertilize the spoil. Since
manganese, more than iron, has a strong ability to segregate
as a result of changing redox conditions during pedogenesis
and forms various kinds of indurated precipitates (crusts,
globules, nodules, ...), its co-addition to phyllosilicate and
iron (either in elemental or oxide form) should increase the
immobilization of metal contaminants and decrease their
uptake by organisms.
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